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(57) ABSTRACT

The mvention relates to a method for producing a bevel gear
wheel, 1n particular for rudder propellers, the teeth of which
have a macro geometry specific to the gear wheels, the teeth
of which can be described by flank and profile lines, the flanks
of which have a tooth flank micro topography and the bearing
surface of which represents the contact region of the inter-
meshing teeth. The crown of a tooth flank corresponds to the
clevation of the tooth flank center with respect to the tooth
flank edge, wherein the course of the height and width crowns
of the flank surface is substantially shaped like a circular arc.
By means of precise material removal, the micro topography
of the tooth flank and thus the bearing surface 1s optimized
firstly 1n that the material removal 1s carried out such that the
end relief on the tooth flank surface 1s reduced toward the
tooth heel side and the tooth toe side, an area having a greater
length and width comes 1into engagement on the flank and thus
an enlarged bearing surface 1s present, and secondly 1n that
the course of the crown the crown of a tooth flank follows an
approximately logarithmic, elliptical and/or an exponential
curve shape, which runs through the point of contact, when
the ease-oif 1s viewed with no load, 1n a longitudinal section
in the tlank sectional surface and/or 1n a profile section 1n the
profile sectional surface.

18 Claims, 7 Drawing Sheets
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OPTIMIZED CROWNING IN BEVEL GEAR
WHEELS OF A BEVEL GEAR
TRANSMISSION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s the US-national stage of PCT applica-
tion 2011/004984 filed 6 Oct. 2011, published 3 May 2012 as
W02012/055484, and claiming the priority of German patent
application 102010049752.5 itself filed 29 Oct. 2010.

The mvention relates to a method of making a bevel gear, in
particular for rudder propellers, having teeth that

can be described by flank and profile lines,

that have flanks that have a tooth flank micro topography,
and

that have a contact area that represents the contact region of
the engaging teeth, a camber of a tooth flank corresponding to
an ¢levation of a tooth flank center with respect to a tooth
flank edge, a shape of the height and of the width cambers of
the flank surface being substantially circular arcs.

Bevel gears serve for transmitting torques and rotational
movements in rolling contact gears. The structure of a single-
stage bevel-gear drive consists of crown gear and pinion. The
crown gear and pinion are connected to respective shafts 1n a
nonpositive, positive or firmly bonded manner. In extension
of the shafts, the shalt axes intersect or cross. The motion
sequence of two engaging bevel gears 1s designated as rolling.
In this process, the respective tooth flanks of tooth and mating
tooth engage one another.

Tooth systems in which the tooth flanks of tooth and mating
tooth roll against each other 1n a kinematically exact manner
are designated as conjugated teeth. Here, the tooth flanks
touch each other 1n each rolling position on a line. However,
in order to achieve improved shifting behavior, deviations
from this shape are made by providing camber.

Thus, the tooth geometry of bevel gears generally has a
camber on each tooth flank since 1n the case of transmitting
high loads, the tooth flanks are not allowed to come nto
engagement over their entire width and height because if they
did the excessive stress occurring at the edges would damage
the teeth. Camber of a tooth flank 1s to be understood as
clevation of the tooth flank center with respect to the tooth
flank edge. Here, the engaging gears are not in full contact
with each other. Between two tooth flanks, 1n particular 1n the
unloaded state, there 1s an air gap of varying size. The spacing
between two gears 1s also designated as ease-oil or gap size.

A differentiation 1s made here between height and width
cambers. The width camber has shape formed by decreasing
the cutting circle radius or the diameter of the grinding tool.
The shape of the height camber 1s determined by the profile of
the tool 1n that the reference profile 1s superimposed with a
circular camber. Other shapes are not used 1n practice for
€CONnomiIcC reasons.

The shape of cambers of bevel gears 1s usually determined
by the manufacturing process. In particular in the case of the
known cyclo-palloid bevel gear and the methods of finish
machining used for this (HPG method/grinding), the shape of
the cambers 1s approximately circular-arc shaped.

The gear surfaces that engage with each other under load,
1.€. torque drive, are designated as contact areas. Since prin-
cipally tooth and mating tooth are not fully engaged, the
surface area ol a contact area 1s always smaller than that of the
entire tooth flank. The actually existing shape of the contact
area can be approximately described as an ellipse.

The actually engaging regions and the prevailing spacing
between a tooth and the associated mating tooth, the spacing,
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being created by the corresponding relief on the tooth flanks,
can be visualized by the so-called “ease-off” (FIG. 1). Here,
the spacing created by the cambers between the pimion flank
and the crown-gear flank 1s plotted over a plane reference
surface. This surface extends over the entire flank width and
height. In the ease-oil 1llustration, the tooth flank touches the
reference surface at a contact point (intersection of the two
thick lines 1n the fine grid).

For describing the shape of the camber of a tooth flank, the

associated curve 1s illustrated 1n a graph in which the ease-off
or camber C 1s plotted over the tooth width and the tooth
height. In such graphs, the length L 1s plotted from the contact
point to the edge of the tooth flank (heel, toe, root or tip).
Through standardization, the definition for L and C 1s 1nde-
pendent of absolute values so that the curve applies to all
common cambers and tooth widths. At the poimnt L* (the
length from the corresponding tooth tlank edge), the curve
reaches the value of the standardized camber C* (FIG. 2).

However, the length L* does not have to be half the tooth
width, 1n general b, thus b/2, or half the tooth height, in
general h=2%*m, thus h/2, because the contact point does not
have to be exactly 1n the center of the tooth. The contact point
can also be eccentrically located on the flank (FIG. 3). This
results 1 a so-called offset contact area. In case of an offset
contact area, the circular arc shifts toward an edge so that with
the same radius, the spacing of the flanks at the edge no longer
corresponds to the camber (FIGS. 4 and 5). The standardized
camber C* thus refers to the actual spacing of the corrected
flank from the uncorrected flank at the respective flank edge
and does not refer to the nominal camber.

For describing a circularly arcuate “normal” camber, two
features are defined.

1. Absolute Value of the Area Under the Curve (FIG. 6a)

In case of a normal camber shape, the area A, under the
curve for common standard camber (b/500 . . . b/1300, or
0.003 m, ... 0.006 m,) i1s usually approximately 33.4%, but
at least 31% of the total area A Ges=L *xC*,.

2. Absolute Value of the Curve at the Midpoint of the Length
L* (FIG. 6b)

At L*/2, the function value of the normal camber 1is
approximately 25% of C*.

The limiting factor for torque drive 1s the maximum per-
missible surface pressure. In the case of soft teeth, the maxi-
mum permissible surface pressure 1s low so that producing
conjugated teeth 1s carried out in a cost-elffective manner by
standard manufacturing processes. In the case of hard teeth,
high surface pressures occur. If the surface pressure exceeds
a permissible limit value, this results in damage to the teeth. In
order to further increase torque drive and to achieve higher
limit values, different approaches are pursued:

use of stronger materials, 1n particular high tempered steel

carrying out surface hardening

producing tooth flanks with high surface finish quality

Using high-temper steel 1s cost-intensive due to expensive
raw materials and high machining costs. Machiming high
tempered steel products or further machining of processed
surfaces 1n subsequent manufacturing steps 1s complicated
and expensive due to the material hardness.

At the same time, due to the torques required to be trans-
mitted with regard to a specific installation space, the finish-
ing methods reach their limits 1n terms of maternal-specific
permissible surface pressure.

In particular, actual tooth flank shapes do not utilize the
maximally possible area of a tooth flank for power drive
because the previously generated elliptical contact areas do
not cover the potential usable portion of a tooth flank. Pro-
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ducing the maximum permissible contact area 1s not possible
due to the previously used standard manufacturing methods.

Finally, up to now, adaptations to the tooth tlank shape have
been analyzed and optimized only 1n terms of noise reduction.
Optimizations have been carried out with special purpose
machines or by manufacturing individual parts.

It 1s an object of the invention to improve bevel gears of a
bevel-gear drive of the above mentioned kind 1n such a man-
ner that the bevel gears have alarger optimized contact area so
they can transmit more torque.

According to the invention, this object 1s achieved by pre-
cise material removal a micro topography of the tooth tlank
and thus the contact area 1s optimized such that

an end thickness on the tooth flank 1s reduced toward a

tooth heel side and a tooth toe side and an area having a
greater length and width comes 1nto engagement on the
tooth flank to enlarge a contact area, and

when the ease-oif 1s viewed with no load, the shape of the

camber of a tooth flank, 1n a longitudinal section 1n the
flank sectional surface and/or 1n a profile section 1n the
profile sectional surface, follows an approximately loga-
rithmic, elliptical or exponential curve that runs through
a point of contact.

This can take place using new manufacturing methods,
preferably by material-removing multi-axis manufacturing,
methods, 1n particular a five-axis milling process. In doing so,
the shape of the camber of a tooth flank can be modified and
thus optimized as desired. The goal here 1s to enlarge the total
load-bearing surface area of the tooth flank and to optimize
the shifting behavior at the same time. In particular in the case
of hard teeth, producing an optimized selective shape of the
camber using multi-axis milling machines represents a new
manufacturing method.

Producing optimized camber shapes along logarithmic,
clliptical or exponential curves, or a combination of the
above-described shapes, enables tooth flanks on gears that
can transmit higher power with the same geometrical base
data and the same material parameters.

Differentiating the “new” optimized camber from the cir-
cularly arcuate “normal” camber takes place through the defi-
nition of the following two features of the curve:

1. Absolute Value of the Area Under the Curve (FIG. 8a)

Due to the rather flat shape of the curve 1n the center of the
flank, the optimized camber achieves a ratio Az/A ., =10 to
30%.

2. Absolute Value of the Curve at the Midpoint of the Length
L* (FIG. 8b)

For the second feature of the new camber, the function
value of the curve at the midpoint, thus at 50% of the length
L*, reference data for C* for the upper limit and the lower
limit are defined. For the upper limit, the reference value of
20% of the surface area of the total rectangle spanned by L*
and C* 1s defined. For the lower limit, the reference value of
5% for C* 1s defined.

The two limit lines are defined as follows:

(FIG. 8a)

Formula for the upper limit curve

X 2
flx) = C’*lﬂg(l _(1'5.L*2) )

o1~ (3]
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(FI1G. 8a)

Formula of the lower limit curve

1‘:’@(1 B ( 1_0(;1: -L*z)z)
ogf1 - (557

fx)=Cx

The upper and the lower limit lines enclose a region for the
optimized tooth flank shape (FIGS. 8a, 85 and 9). In this
region, the preferred optimized shapes of the tooth flank
shape of the teeth extend 1n dependence on the criteria that
influence the shapes of stress 1n the tooth and on the tooth
surface under load. These criteria are mainly determined by
design specifications and are not relevant because their con-
sideration or selection depends on the specific application.

The advantage of such tooth flanks of bevel gears i1s a
maximized potential for transmitting torques.

Particularly advantageous here 1s the reduced amount of
material that has to be removed (material removal) from the
individual teeth after rough machining.

It 1s an advantage that a more uniformly distributed load on
the teeth occurs along the tooth flanks. This results 1n a
reduced local peak load at critical points of the tooth and thus
increases the service life.

It 1s also of advantage that an enlarged contact area has a
larger rolling surtace. Thus, under load, a lower surface pres-
sure at constant load 1s achieved, which reduces abrasion on
the contact surface. This reduces wear and thus increases the
tool life of a drive. Thus, at the same time, longer maintenance
intervals can be planned, which 1s important not only in the
field of rudder propeller drives.

Also, particularly advantageous 1s here that the previously
known methods used in production for maximizing the torque
drive capacity of a tooth and the matenal pairings preferably
used can be combined with the new 1dea presented here.

Hereafter, an 1llustrated embodiment 1s illustrated by the
drawings:

FIG. 1 shows the “ease-ofl” of two engaging gears.

FIG. 2 shows a normal contact area with regard to the tooth
flank.

FIG. 3 shows a contact area oifset along the tooth width b.

FIG. 4 1llustrates the width camber along a tooth wadth.

FIG. 5 1llustrates the height camber along the tooth height.

FIG. 6a illustrates the circularly arcuate normal camber,
thus the shape with respect to the camber C*.

FIG. 6b1llustrates for a “normal” circularly arcuate camber
a corresponding reference point.

FIGS. 7a and 7b 1llustrate 1n an ease-off 1llustration the
“normal” circularly arcuate shape of the camber 1n contrast to
the shape of the camber of the optimized tooth flank.

FIG. 8a 1llustrates for the optimized camber the limits and
the region for the preferred shape.

FIG. 85 illustrates for the optimized camber the reference
points for the upper and lower limit curves.

FIG. 9 compares the different shapes of the camber.

FIG. 10q illustrates a bevel gear in which the contact area
of a surface extending with a “normal” circularly arcuate
camber with high surface pressure 1s marked.

FIG. 105 illustrates a bevel gear for which the flank topog-
raphy of the gear flank has been optimized and thus has a
larger contact area.

Since from an mventive point of view, the following con-
siderations on camber are 1dentical for height and width cam-
bers, 1n general, the term camber 1s used. If necessary, a
distinction 1s made 1n particular between width and height
camber where applicable.
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FI1G. 1 shows the “ease-oil” 1llustration in which two tooth
flanks engaging with one another without load are shown. The
first tooth flank 1 1s here a plane. The second tooth tlank 2 thus
represents an elevated curved tooth tflank. This way, the value
for the gap size or ease-oil between the two opposing points
of two tooth flanks 1s made visible. This 3D illustration shows
the spacings between the two tooth flanks can be measured.
FIG. 1 shows corresponding shapes of width cambers and
height cambers along a 3D raster. Here, FIG. 1 shows an
offset contact area, 1.e. the point of contact between the two
tooth flanks 1s not centered at the midpoint along the tooth
width and the tooth height, but 1s offset along the tooth width.
This 1s apparent from the different lengths b1 and b2 along the
tooth width.

FIG. 2 shows 1n general a shape of a camber 3 along the
tooth width b and the point of contact 4 of an exemplary
contact area having an exemplary reference area. This shape
1s an exemplary cut-out from a 3D “ease-oil” illustration. The
point of contact lies 1n L*, which 1s the center of the tooth
flank width b/2. C represents the gap size or ease-oil.

FI1G. 3, like FIG. 2, shows the shape of the camber 3, but
here w1th an offset contact area that 1s offset along the tooth
width b. The position of the contact point or point of contact
6 of the plane tooth flank and the opposing tooth flank 1s
indicated by the variables L*, and L*,. Due to offset contact
area, there 1s a greater ease-oil C*, on the left front side of the
gear, whereas on the right side of the gear, there 1s a smaller
ease-oft C*,,.

FIG. 4 illustrates, 1n particular with a 2D cut-out from a 3D
“ease-ofl” 1llustration of FIG. 1, the width camber along the
tooth width b with an offset contact area of a tooth flank.
Compared with the ease-off C*,, the ease-off C*, 1s twice as
large.

FIG. 5 shows the height camber of a tooth flank with the
respective ease-oifs C*, and C,*. Here, the height camber 1s
symmetrical (as 1s apparent from the identical lengths of hl
and h2). However, asymmetrical height cambers can also be
employed.

FIG. 6a describes the shape of the tooth flank crown for
“normal” circularly arcuate cambers that are also called stan-
dard cambers. Here, the abscissa and the ordinate span a
rectangle having the area A .. 7. The general rule for standard
cambers 1s that with regard to the area A -__ 7, the area A, 8a
1s larger by 31%. The remaining area 85 above the curve of the
circularly arcuate standard cambers represents the elevated
tooth of the ease-oif illustration. The hatched area 8a below
the lower limit curve 9 for the circularly arcuate camber
shows the area that 1s removed, ¢.g. by machining, during the
manufacture of the gear. Here, the width cambers for these
“normal” circularly arcuate camber shapes are within a value
range of from b/3500 to b/1500, and the height cambers are in
a value range of from 0.003 m, to 0.006 m,. The curve
indicated by A, divided by A _. equal 33.4% surface area
shows one of the possible circular standard curves commonly
used up to now.

FIG. 65 shows for a “normal” circularly arcuate camber
shape the corresponding proportional reference point for
C*=25% at the length shape L*=50%.

FI1G. 7a illustrates the 3D “ease-off” view for a circularly
arcuate camber.

FIG. 7b 1s compared with FIG. 75 and illustrates the 3D
“ease-ofl” view of the new optimized contact area. Here, the
differently sized ease-oils between the tooth flank 1 formed
into a plane and the elevated and curved tooth flank 2 are
visible. It 1s also apparent from the comparison that in the case
of the optimized tooth flank shape, less material has to be
removed.
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FIG. 8a describes the shapes of the upper limit 11 and the
lower limait 12 for the shapes of an optimized enlarged contact
area. These limits enclose the region 1n which the preferred
shapes of an optimized contact area are defined. It 1s clearly
shown that the upper limit of the optimized contact areas runs
significantly below the limit curve 13 that limits the lower
limit of the “normal” circularly arcuate standard camber.

FIG. 856 describes as percentages the reference points ol the
camber shapes along the tooth flank width and compares here
the lower limit curve 13 for “normal” circularly arcuate cam-
bers with the region 14 for optimized cambers. At 50% of the
shape along the tooth width L*, the reference points for the
upper limit curve are at 20% and at 5% for the lower limit
curve.

FIG. 9 compares the di
with each other. These are:

the “normal” circularly arcuate standard camber 13 that

generally 1s A/ A -, >31%;

the upper limit 12 of the optlmlzed camber;

the lower limit 11 of the optimized camber;

a preferred correction curve 15 for the tooth flank shape of

a special gear, which correction curve runs 1s between
the upper and the lower limits for optimized cambers.

Below the preferred correction curve, an area 16 1s high-
lighted by hatching. This area represents the region that has to
be removed by appropriately used manufacturing methods,
¢.g. by milling. The comparison with the standard camber
shows clearly that in the case of the optimized tooth flank
shape, starting with the blank of the bevel gear, considerably
less material has to be removed than 1n the case of the circular
standard camber.

FIG. 10q illustrates a whole bevel gear 17 that has typical
circularly arcuate cambers. Shown here 1s the load-bearing
surface 18; the graphics further illustrates a small load-bear-
ing surface subjected to high pressure that 1s typical for the
use of high tempered gears. The elliptical shape of this surface
1s clearly shown.

FIG. 105 illustrates a gear 19 with changed flank topogra-
phy. Due to the optimized enlarged contact area, this gear has
a changed contact surface 20. This contact surface can be

described as a rectangle having rounded corners.

[T

erent previously viewed curves

The mvention claimed 1s:

1. A method of making a bevel gear having teeth that are
described by flank and profile lines, the flank having a tooth
flank micro topography and having a contact area that repre-
sents a contact region of engaging teeth, wherein a camber of
a tooth flank corresponding to an elevation of a tooth flank
center, with respect to a tooth flank edge, 1s characterized 1n
that by precise material removal, a micro topography of the
tooth flank, and thus the contact area, 1s optimized such that
an end thickness on the tooth flank 1s reduced toward a tooth
heel side and a tooth toe side and an area having a greater
length and width comes mto engagement on the tooth flank to
enlarge a contact area, wherein when an ease-olf 1s viewed
with no load, the shape of the camber of a tooth flank, 1n a
longitudinal section of a flank sectional surface and/or 1n a
profile section of a tlank sectional surtace follows an approxi-
mately logarithmic, elliptical or exponential curve that runs
through a point of contact, wherein a milling cutter follows a
machining curve that 1s superimposed with a correction curve
to generate an optimized load-bearing contact area and forms
the profile lines and/or the flank lines along an entire tooth
width and tooth height of the logarithmic, elliptical or expo-
nential correction curve, wherein the correction curve lies
between an upper and lower limit curve, the teeth being
designed as a helical or spiral tooth system.
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2. The method defined 1n claim 1, wherein a flank shape, in
a flank sectional surface, divides the flank sectional surface

into an area intersecting a tooth and a remaining area, and a
s1ze of the remaining area 1s 10% to 30%, preferably 20% to
28% of a total area, wherein a flank sectional surface 1s a
surface that, when the ease-off 1s viewed with no load 1n a
longitudinal direction of the tooth, runs through a point of
contact between a tooth and a mating tooth, thereby extending
perpendicular to a reference surface that 1s formed by a flank
of the mating tooth, the flank of the mating tooth forming a
plane surface.

3. The method defined 1n claim 2, wherein a total surface of
the flank sectional surface, in the case of an oflfset contact
area, 1s spanned by an absolute value of the ease-oif and a
distance from the point of contact up to a tooth flank end.

4. The method defined in claim 1, wherein the flank shape
in the flank sectional surface divides the flank sectional sur-
face 1nto an area intersecting a tooth and a remaining area,
wherein the size of the remaining area 1s defined as integral
between a point of contact and a tooth flank end.

5. The method defined 1n claim 1, wherein controlling a
precisely material-removing tool, 1n particular a milling head
of the milling cutter, 1s carried out by a program that results 1n
logarithmic, elliptical or exponential flank and/or profile line
that 1s shaped similarly to the ones 1n the longitudinal section
and/or profile section 1n the point of contact.

6. The method defined in claim 1, wherein a lower limit
curve, with a remaining area of 10%, used during a correction
so as to generate a optimized load-bearing contact area 1s
defined as follows:

X 2
£(x) = Cx lﬂg(l } (1.001 -L*z) )

o1~ gy

wherein L* represents a length from a corresponding tooth
flank edge, and C* represents a standardized camber.

7. The method defined in claim 1, wherein an upper limit
curve, with a remaining area of 30%, used during a correction
s0 as to generate a optimized load-bearing contact area 1s
defined as follows:

x 2
o lc:-g(l _(1_5-L*2) )
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wherein L* represents a length from a corresponding tooth
flank edge, and C* represents a standardized camber.

8. The method defined 1n claim 1, wherein the milling
cutter machines two flanks touching each other, wherein the
machining follows a macro geometry curve that corresponds
to a non-optimized tooth shape that 1s superimposed by a
correction curve that generates the micro topography with an
optimized ease-oll of the tooth flanks that are engaging each
other.

9. The method defined 1n claim 1, wherein during a manu-
facturing process, conjugated teeth of the bevel gear are first
produced by machine tools, then subsequently and simulta-
neously, 1n a region of the macro topography, a basic shape of
the tooth flank of the bevel gear 1s produced, and 1n the region
of the micro topography, a special shape of the camber for an
optimized ease-oil 1s produced.

10. The method defined in claim 1, wherein the contact area
1s oifset 1n such a manner that a center of a rolling surface 1s
olfset from a center of the tooth tlank.

11. The method defined 1n claim 1, wherein a load-bearing
contact area has a mostly quadrilateral, 1n particular, rectan-
gular shape with rounded corners.

12. The method defined 1n claim 11, wherein 1n terms of
engagement size, the quadrilateral or rectangular load- bear-
ing contact area having rounded corners corresponds at least
to the size of a substantially elliptical load-bearing contact
area.

13. The method defined 1n claim 1, wherein for hard-finish
machining, 1n particular, aiter hardening teeth of the bevel
gear, instead of lapping the contact surfaces, smooth contact
surfaces of a load-bearing contact area are produced by pre-
cise material removal at the tooth tlanks by milling or grind-
ing using a four-axis or multi-axis method.

14. The method defined 1n claim 1, wherein the method 1s
used for producing ship propulsion drives, 1n particular rud-
der propeller drives, preferably as underwater drive of the pod
propulsion.

15. The method defined 1n claim 1, wherein the method 1s
used to manufacture a boat drive, in particular, a propeller
drive for a submarine or gondola.

16. The method defined 1n claim 1, wherein the method 1s
used for producing ship propulsion drives 1n a power spec-
trum ranging from 100 kW to 10,000 kW.

17. The method defined 1n claim 1, wherein, for producing
bevel gears of a bevel-gear drive, a contour of the bevel gears
along the tooth flank corresponds approximately to a circu-
larly arcuate, epicycloid or involute curve.

18. The method defined 1n claim 1, wherein a shape of a
height and width of cambers of the tlank surface 1s substan-

tially circularly arcuate.
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